Introduction
The skin is the largest organ of the human body and fulfills many important functions. It plays a vital role in protecting the internal organs from external aggression and environmental factors such as trauma, ultraviolet and infrared radiation, heat, environmental pollution and microbial pathogens. As a consequence of the increase in life expectancy, healthy aging is a matter of concern. At the level of the skin, the consequences of aging can lead to a weaker barrier with reduced protection favoring disease conditions that affect quality of life as well as physical appearance. Hence, modulating the progression of skin aging has become increasingly important.
From a physiological point of view, skin aging is a structural and compositional remodeling associated with phenotypic changes in skin cells. Aged skin has a thinner epidermis and a decrease in both the quantity and quality of the dermal extracellular matrix (ECM). Remarkably, the dermis plays a dominant role in the process of skin aging. While this process is subject to both intrinsic and extrinsic factors, the consequences involve abnormal synthesis of proteins in the dermal extracellular matrix, increased degradation of collagen and elastin, and senescence of dermal fibroblasts.
Recent studies suggest that microRNAs (miRs) also play a role in the regulation of gene expression in organism aging [1] [2] . MicroRNAs are a class of short, endogenous, single-stranded, non-coding RNA molecules [3] . By binding to specific 3'-UTR sequences of target mRNAs, microRNAs can regulate the expression of multiple genes at the post-transcriptional level through degradation or translational inhibition of the targeted transcripts [4] . Some recent studies have compared young and aged organs or tissue such as the heart [5] , cornea [6] and kidneys [7] , and pointed out the involvement of senescence-associated microRNAs in the regulation of the aging process.
In this study, the effect of a specific complex of hydrolyzed natural yeast proteins from Saccharomyces cerevisiae and hydrolyzed natural soya proteins was investigated after its application to cultured skin fibroblasts. Soybean (US) or soya bean (UK) (Glycine max) is a legume species native to East Asia. This annual plant has been used in China for 5000 years as food and a component of medical preparations. Soya is a perfect source of protein with significant amounts of all the essential amino acids for humans, and it is rich in antioxidant isoflavones. Soybean hydrolysate shows chelating and radical scavenging activity, and it decreases lipid peroxidation [8] . Saccharomyces cerevisiae (commonly known as baker's or brewer's yeast) is a single-celled eukaryote capable of metabolic respiration and fermentation, making it rich in essential amino acids and small peptides.
This ingredient complex was developed for its ability to positively modulate the expression of TRF2 and protect against UV-induced DNA damage in vitro [9] - [11] . Moreover, this complex was demonstrated to prevent the signs of cellular senescence in vitro, as it was able to prevent the increase of senescence-associated betagalactosidase induced by a FOXO3a-specific siRNA in cultured human fibroblasts [12] .
Results show that the ingredient complex induced a specific pattern of microRNA down-regulation in vitro. Bioinformatic prediction pointed out potential target genes for the identified microRNAs, particularly SIRT1 and collagens, with a relationship to the modulation of human fibroblast senescence and remodeling of the extracellular matrix. Remarkably, three of the down-regulated microRNAs (miR-29a-3p, miR-30a-5p and miR34a-5p) are well described for their implication in cellular senescence and are predicted to target SIRT1 expression.
Materials and Methods

Cell Culture
Normal human neonatal dermal fibroblasts (PromoCell GmbH, Heidelberg, Germany) were cultured in Dulbecco's modified Eagle's Medium (DMEM), 1 g/L glucose (Lonza, Rockland, ME, USA) supplemented with 10% decomplemented fetal calf serum (Lonza), 2 mM of L-glutamine (Lonza) and 0.1 mg·ml −1 Primocin™ (Invivogen, San Diego, CA, USA). Fibroblasts were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 . The tested ingredient (Ashland Specialty Ingredients, Wilmington, USA) was used in our experiments at the dose of 1% (1:100 dilution v:v).
Properties of the Tested Natural Ingredient Complex
The tested ingredient is a complex of hydrolyzed natural yeast proteins (Saccharomyces cerevisiae) and hydrolyzed natural soya proteins with a total dry matter weight of 7 g/kg. After screening several botanical and yeast extracts and their combination, this ingredient complex was selected for its ability to modulate the expression of telomere-binding proteins such as TRF2 [9] - [11] in ex vivo human skin, human primary keratinocytes and human neonatal fibroblasts in culture. This ingredient is described in patent FR12 00814.
microRNAs of Interest
The list of microRNAs with a described implication in human dermal homeostasis, fibroblast senescence and regulation of dermal extracellular matrix content was established according to the literature ( 
Target Genes
Bioinformatics was used to obtain a list of predicted and experimentally verified target genes for the selected microRNAs in this study. Two types of analyses were conducted.
i) The first approach used miRWalk, a comprehensive database providing the largest available collection of predicted and experimentally verified (validated) microRNA-target interactions [13] . Each microRNA that was modulated in our experiments was searched in the "validated targets module" of miRWalk in order to retrieve a list of validated targets that was further processed to retain only the genes involved in extracellular matrix homeostasis and fibroblast senescence.
ii) The second approach used Ingenuity® Pathway Analysis (IPA) (Qiagen, Redwood City, CA, USA) to possibly identify new interactions that could be complementary to the ones identified through the miRWalk database. IPA predicts microRNA interactions with target genes, based on the aggregation of data from TarBase (experimentally validated data), miRecords, and TargetScan (predicted microRNA-mRNA interactions) [14] - [16] . The resulting lists of genes established by these two approaches are presented in Table 2 . Table 1 . List of studied microRNAs. MicroRNAs implicated in fibroblast senescence were selected according to scientific literature. The described up-regulation (up) or down-regulation (down) during fibroblast senescence is indicated. 
qPCR Array Experiments
Cells were grown in 100-mm culture dishes and treated or not with 1% tested ingredient in the culture medium for 48 h. The culture medium was then removed and the cells were washed with cold PBS. Total RNA including microRNAs was extracted from each sample using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) and collected in 100 µl of RNase-free water. RNA quantity, quality and purity were determined using a 
Interaction Network of microRNAs and Genes
An interaction network was built using Ingenuity® Pathway Analysis (Qiagen). This network included the 18 microRNAs that showed a modulation in expression after treatment with the ingredient, and the 25 target genes described in the miRWalk database ( Table 1 ). Around these microRNAs and genes, an interaction network was developed: the network components were grouped according to their biological activity (e.g., collagen genes, metalloproteinases, transcription factors such as SOXs, FOXO3 and sirtuins, which are related to senescence regulation, BIRK5 and AURKB components of the chromosomal passenger complex). MicroRNAs were placed at the periphery of the interaction network and predicted relationships with protein-coding genes were established. New relationships (in blue) could be established by the introduction of 8 new components in the network (Figure 2(b) , in yellow): nidogen 1 (NID1), integrin beta 6 (ITGB6), integrin beta 8 (ITGB8), collagen IV alpha 5 (COL4A5), ADAM metallopeptidase with thrombospondin type 1 motif, 6 (ADAMTS6), reversion-inducing cysteine-rich protein with Kazal motifs (RECK), chymase 1 (CMA1) and fibroblast growth factor 13 (FGF13).
Results
The purpose of the present study was to identify microRNAs involved in fibroblast senescence and modulation of the dermal extracellular matrix structure, and to identify potentially modulated target genes by bioinformatic prediction. A list of microRNAs of interest was obtained following an overview of scientific literature and database searches. Modulation of the expression level of the microRNAs on this list was assessed by microRNA qPCR array, in cultured normal human fibroblast treated or not with the natural ingredient complex.
Selection of the microRNAs of Interest
Twenty-one microRNAs of interest and relevant to fibroblast physiology were selected according to the literature ( Table 1) . Among the selected microRNAs involved in fibroblast senescence, some have been described with decreased expression levels during senescence: miR-143-3p, miR-145-5p, miR-155-5p, miR-21-5p, miR-23a-3p [17] and miR-7-5p [18] . Other microRNAs are known to have increased expression levels during the senescence process: miR-10b-5p, miR-146a-5p, miR-199a-3p, miR-26a-5p, miR-34a-5p, miR-542-5p [17] , miR-1185-5p, miR-1204, miR-519c-3p, miR-658 [18] , miR-29a-3p, miR-30a-5p [19] , and miR-638, miR-663 [20] . MiR-29-3p is also involved in fibroblast extracellular matrix synthesis and senescence [21] . MiR-335-3p was described as having a role in proliferation, migration and differentiation [22] . These microRNAs are listed in Table 1 .
microRNA qPCR Array
A microRNA qPCR array including the 21 microRNAs of interest was used to test the modulation of these microRNAs after application of the ingredient to cultured normal human fibroblasts for 48 h. Three microRNAs (miR-1204, miR-519c-3p, miR-658) were not detected by qPCR and were thus considered as non-expressed by fibroblasts under our experimental conditions, reducing the list of microRNAs from 21 to 18. Amplification of these 18 microRNAs ( Table 2 , column 1) showed RQ values between 0.573 (for miR-335-3p) and 0.919 (for miR-155-5p) ( Table 2 , column 2). Out of these 18 microRNAs, we selected 14 microRNAs with RQ values lower than or equal to 0.85 ( Table 2 , column 2, in bold): miR-10b-5p, miR-1185-5p, miR-143-3p, miR-145-5p, miR-199a-3p, miR-23a-3p, miR-26a-5p, miR-29a-3p, miR-30a-5p, miR-335-3p, miR-34a-5p, miR-638, miR-663 and miR-7-5p.
Validated and Predicted Target Genes
The miRWalk database allowed the identification of validated target genes involved in senescence and extracellular matrix homeostasis, in correlation with the microRNAs of interest ( Table 2 , column 3). Ingenuity® Pathway Analysis was used to identify new potentially modulated target genes ( Table 2 , column 5). The genes identified in common with the two methods are also indicated in Table 2 , column 4.
Interestingly, among the target genes, family members of collagens (COL1A1, COL2A1, COL2A2, COL3A1, COL4A1, COL 4A2, COL5A3, COL11A2, COL15A1), growth factors and their receptors (EGF, EGFR, VEGFA), transcription factors (SOX2, SOX6, SOX9; FOXO3) or metalloproteinases and their inhibitors (MMP3, MMP9, MMP14; TIMP2) were identified. These genes are well known to be closely related to extracellular matrix homeostasis. Other target genes, such as SIRT1 (Sirtuin 1), SIRT2, BIRC5 (Survivin), AURKB, SHH and LIN28A may also be involved in the fibroblast aging process.
However, miR-1185-5p, miR-23a-3p and miR-335-3p showed no validated target genes in miRWalk, reducing to 11 the list of microRNAs of interest (miR-10b-5p, miR-143-3p, miR-145-5p, miR-199a-3p, miR26a-5p, miR-29a-3p, miR-30a-5p, miR-34a-5p, miR-638, miR-663, miR-7-5p) ( Table 2 , column 1, underlined). The hypothetical effect of the down-regulation of these specific microRNAs on the expression of the potential target gene identified with the miRWalk database is represented in Figure 1 . The tendency of a decreased microRNA level observed in our experiments may, as a consequence, induce the up-regulation of the potential target genes listed for each microRNA.
Among the microRNAs, miR-145-5p and miR29a-3p target a large number of genes of interest (respectively, 9 and 10 genes). Some microRNAs (miR-145-5p, miR-26a-5p, miR-29a-3p, miR-30a-5p, miR-34-5p and miR-638) can target collagens (COL1A1, COL2A1, COL2A2, COL3A1, COL4A1, COL 4A2, COL5A3, COL11A2, COL15A1). Interestingly, miR-26a-5p and miR-29a-3p seem to have a high potential for modulating the extracellular matrix composition since they target 3 and 6 collagen family members, respectively (Figure 1) . Among the 11 microRNAs studied, miR-26a-5p and miR-335-3p showed a noticeably higher down-regulation following ingredient treatment, with RQ values of 0.577 and 0.573, respectively. SIRT1, a gene involved in the regulation of cellular senescence, is a miRWalk-validated potential target for miR-34a-5p. Additionally, the Ingenuity® Pathway Analysis predicted that miR-29a-3p and miR-30a-5p may also target SIRT1 and up-regulate its expression, in response to down-regulation (Figure 1) .
Genes other than collagens and SIRT1 were targeted by several microRNAs (e.g., SOX2 and VEGFA by 6 microRNAs; SOX9, EGF and EGFR by 3 microRNAs), suggesting the potential importance of these genes in the control of fibroblast homeostasis, extracellular matrix secretion and dermal aging. On the other hand, miR199a-3p and miR-663 are predicted to potentially target only one gene (SOX9 and VEGF1, respectively). The down-regulation of all these microRNAs by the tested ingredient may have a positive impact on extracellular matrix secretion by fibroblasts.
Interaction Network Representing the Relationship between microRNAs and Potential Targets
Bioinformatics was used to build an overview of the potential interactions between the 18 modulated microRNAs and their potential target genes identified using the miRWalk database. By using Ingenuity® Pathway Analysis, we developed an interaction network (Figure 2(a) ). This approach allowed us to further identify 8 new potential target genes closely related to the molecules already included in the network (ADAMTS6, CMA1, COL4A5, FGF13, ITGB6, ITGB8, NID1, RECK), with a potential role in extracellular matrix homeostasis. This interaction network offers the possibility of visualizing all the partners and their interconnections at once. However, 3 microRNAs (miR-10b-5p, miR-335-3p, miR-542-5p) could not be connected to the network. The resulting network without the relationships with microRNAs is depicted in Figure 2 (b) to facilitate visualization. This simplified network focuses on the interactions between the 35 miRWalk potential target genes and the 8 new targets identified by using Ingenuity® Pathway Analysis. The addition of new molecules to the network widens the range of targets that may be studied and validated in further in vitro studies.
Discussion
Specific "senescence-associated" microRNAs (SA-microRNAs) have emerged as key modulators of cellular senescence by targeting the p53-p21 and p16-pRB pathways. Among these microRNAs, miR-29, miR-30 and 
miR-1185-5p, miR-199a-3p, miR-23a-3p, miR-26a-5p, miR-29a-3p, miR-30a-5p, miR34a-5p, miR-335-3p, miR-638, miR-663, miR-7-5p).
As miR-1185-5p, miR-23a-3p and miR-335-3p showed no validated target genes in miRWalk, the list of microRNAs of interest was reduced to 11. Predicted up-regulation of potential target genes identified in the miRWalk database is indicated for each of the 11 microRNAs (see also Table 2 ). Gray boxes indicate predicted up-regulation of collagens as a possible consequence of the down-regulation of miR-145-5p, miR-26a-5p, miR-29a-3p, miR-30a-5p, miR-34a-5p and miR-638. SIRT1 (boxed) is a miRWalk-validated potential target for miR-34a-5p only. However, Ingenuity® Pathway Analysis indicates the possible up-regulation of SIRT1 in response to miR-29a-3p and miR-30a-5p down-regulation (*) (see also Table 2 ).
miR-34 families are particularly important [23] . The present study investigated for the first time the modulation of a series of selected microRNAs by a specific complex of ingredients with proven ability to protect human skin cells from senescence in vitro. Results pointed out the regulation of a signature of eleven microRNAs including miR-29a-3p, miR-30a-5p and miR-34a-5p, which are key players in the microRNA-gene regulatory network associated with aging [5] [6] .
The miR-34 family is highly conserved across various organisms and is considered as a tumor suppressor gene that participates in the inhibition of cell cycle progression and the stimulation of apoptosis [24] . Moreover, a recent study has also revealed its role in regulating the lifespan of Caenorhabditis elegans [25] . Interestingly, the accumulation of microRNAs of the miR-34 family with age is also observed in organs or tissues, including the liver [26] , brain [27] and heart [28] . Accordingly, the observed down-regulation of miR-34a-5p by the complex in our study is consistent with the results found in other fields mentioned above. The main mechanism by which the miR-34 family of microRNAs regulates aging or cell senescence, has been elucidated and corresponds to a feedback loop between p53, miR-34 and SIRT1 [29] . Indeed, transcription of the miR-34 family can be directly activated through p53, one of the main factors involved in the inhibition of tumor development and cell senescence. In turn, miR-34 targets SIRT1, which is consequently inhibited. Given the compelling evidence of the pro-longevity role of SIRT1 in mammals due to its protective effect against cellular oxidative stress, DNA damage and metabolic disturbance [30] , it is reasonable that inhibition of this gene leads to cell senescence and organism aging. In the present study, the observed down-regulation of miR-34a-5p by the complex predicts the possibility of subsequent up-regulation of SIRT1 (Figure 1) . Interestingly, aside from miR-34a-5p and according to predictions ( Table 2) , miR-29a-3p and miR-30a-5p may also regulate SIRT1 (Figure 1; Figure 2(a) , red arrows).
The miR-29 family has also been associated with skin aging and senescence. It has been suggested that the miR-29 family plays a pivotal role in the regulation of cell proliferation, extracellular matrix composition, viability (Table 1) , ii) their target genes described in the miRWalk database ( Table 2) , and iii) 8 new components (highlighted in yellow) identified by building an interaction network with the use of Ingenuity® Pathway Analysis around previously identified microRNAs and genes. Blue lines highlight new relationships that could be established by the introduction of 8 new components in the network. Green color indicates the 14 down-regulated microRNAs with RQ values lower than or equal to 0.85, after application of ingredient complex to fibroblasts. Three microRNAs could not be linked to the network (miR-10b-5p, miR-335-3p, and miR-542-5p). Predicted possible up-regulation of SIRT1 in response to miR-29a-3p, miR-30a-5p and miR-34a-5p down-regulation is indicated (red arrow). (b) Partial interaction network focusing on the relationship between ii) the target genes described in the miRWalk database and iii) the 8 new components of potential interest. Key for the relationship labels and types are available online (http://ingenuity.force.com/ipa/articles/Feature_Description/Legend). and senescence by controlling multiple overlapping pathways [31] . While some studies point out that the transcriptional activation of the miR-29 family is triggered in response to DNA damage and occurs in a p53-dependent manner in progeroid mice [31] , others demonstrate that miR-29 can negatively regulate B-Myb expression and modulate p16/Rb-driven cellular senescence [19] . Moreover, miR-29a, b, and c were found to be up-regulated during induced and replicative senescence in fibroblasts and are potent repressors of collagen synthesis [32] . It is also important to note that most of the predicted target genes of the miR-29 family encode varied types of collagens, which may account for ECM modulation during skin aging [21] . In our study, the observed downregulation of miR-29a-3p by the complex is consistent with the predicted positive modulation of collagen expression in the treated fibroblasts (Figure 1) . Interestingly, several microRNAs including miR-29a-3p, miR30a-5p and miR-34a-5p, appear as possible modulators of collagens (miR-145-5p, miR-26a-5p, miR-29a-3p, miR-30a-5p, miR-34a-5p, and miR-638), reinforcing the possibility of an expected positive modulation on collagen synthesis.
Together with miR-29, miR-30 is also regulated in cellular senescence [19] . Indeed, both miR-29 and miR-30 microRNA families are up-regulated during induced and replicative senescence in vitro. Moreover, interference with miR-29 and miR-30 expression inhibited cellular senescence, strongly suggesting that the level of these microRNAs is correlated with the cellular senescence status [19] . Besides this direct correlation, miR-29 and miR-30 families of microRNAs are also described as being involved in the regulation of ECM synthesis by fibroblasts [21] .
Taken together, our findings suggest that a pattern of microRNAs, including miR-29a-3p, miR-30a-5p and miR-34a-5p, was modulated after the application of 1% of the ingredient complex for 48 h to human skin fibroblasts in culture, and may contribute to the already described activity of the ingredient complex in vitro. Indeed, these microRNAs (miR-10b-5p, miR-143-3p, miR-145-5p, miR-199a-3p, miR-26a-5p, miR-29a-3p, miR-30a-5p, miR-34a-5p, miR-638, miR-663, miR-7-5p) may play a role in the observed protection against cellular senescence in vitro, and UV-induced DNA damage [13] - [16] , by the possible regulation of collagen and SIRT1 expression levels. However, further validation is required in order to link microRNA down-regulation and effective up-regulation of the predicted target genes.
